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Be/X- RAY BINARIES
JANUSZ ZIO´ LKOWSKI
Copernicus Astronomical Center, ul. Bartycka 18, 00-716 Warsaw, Poland
ABSTRACT. A review of basic properties of Be/X-ray binaries is presented. These systems (called
also hard X-ray transients), which form the most numerous class of massive X-ray binaries in the
Galaxy, are composed of Be stars and neutron stars (X-ray pulsars) on wide (Porb ∼ 17 − 263 d),
usually eccentric (e ∼ 0.1− 0.9) orbits. The systems contain two quasi-Keplerian (| vr | /vorb <∼ 10
−2)
discs: decretion disc around Be star and accretion disc around neutron star. Both discs are temporary:
decretion disc disperses and refills on time scales ∼ years (dynamical evolution of the disc, formerly
known as the ”activity of a Be star”), while accretion disc disperses and refills on time scales ∼ weeks
to months (which is related to the orbital motion on an eccentric orbit and, on some occasions, also to
the major instabilities of the other disc). Accretion disc might be absent over a longer period of time (∼
years), if the other disc is very weak or absent. The X-ray emission of Be/X-ray binaries has distinctly
transient nature and is controlled by the centrifugal gate mechanism, which, in turn, is operated both
by the periastron passages (Type I bursts) and by the dynamical evolution of the decretion disc (both
types of bursts). The X-ray pulsars in these systems rotate at equilibrium periods (with the possible
exception of the slowest pulsars). Be/X-ray binaries are excellent laboratories for investigation of both
the evolutionary processes in the two discs and of the evolution of the neutron star rotation.
1. Introduction
At present, there are no doubts, that Be/X-ray systems (or hard X-ray transients) dom-
inate the population of the massive X-ray binaries. These systems, whose primaries
are Be stars and secondaries are neutron stars were initially believed to be just atyp-
ical cases of massive X-ray binaries (typical cases were supergiant systems). The final
Uhuru catalogue (Forman et al., 1977) listed just 1 such system (as opposed to 6 su-
pergiant systems). Catalogue of Bradt et al. (1978), which was compilation of Uhuru,
SAS-3, Ariel, Copernicus and HEAO-A sources, listed 5 Be/X-ray systems (and 8 su-
pergiant systems). During my previous Vulcano talk on Be/X-ray binaries, 9 years ago
(Zio´ lkowski, 1992), I listed 13 such binaries. Van Paradijs’ (1995) catalogue contained
14 Be/X-ray systems (and 14 supergiant systems). In this review, I will present a list of
63 Be/X-ray binaries (while the number of the presently known supergiant systems is
20).
As one can see, the number of the known Be/X-ray systems is growing fast and, due
to the transient nature of their emission, it is likely to continue its fast growth in the
future. At the same time, the number of the known supergiant systems (in our Galaxy)
is already saturated and is not expected to increase substantially,
One may notice that the situation in the field of the low mass X-ray binaries is
similar. The fastest growing class of these systems is the group of soft X-ray transients
(or X-ray Novae). These systems, composed typically of a black hole and a low mass
optical companion, are being discovered at a high rate (again, due to the transient nature
of their X-ray emission). In near future, they will, probably, dominate the population of
the low mass X-ray binaries. It seems, that we have already detected almost all strong
permanent X-ray sources in the Galaxy. In the future, we will detect mostly transient
sources (both massive hard X-ray transients and low mass soft X-ray transients).
2. Basic Properties
In this section, I will list basic characteristics of Be/X-ray binaries and confront them
with the properties of the other massive X-ray systems.
(1) The optical component is a Be star (in the other massive systems it is usually an
OB supergiant).
(2) The X-ray component is a strongly magnetized neutron star (an X-ray pulsar). In
most of the supergiant systems, it is also a neutron star, but in five systems it is a
black hole. No Be/black hole binary was found yet.
(3) Orbits are elliptical with substantial eccentricities - usually e >∼ 0.3 (in the other
systems orbits are usually circular).
(4) The orbital periods are rather long - between 17 and 263 days (in the other systems
they are almost always shorter than 10 days).
(5) The optical components are not substantially evolved and they are substantially
smaller than their Roche lobes. In the other massive systems, the optical components
(supergiants) are substantially evolved (they are overluminous for their masses or
undermassive for their luminosities) and they approximately fill their Roche lobes.
(6) X-Ray emission (with a few exceptions) has distinctly transient nature with rather
short active phases (a flaring behaviour). There are two types of flares, which are
classified as Type I outbursts (smaller and regularly repeating) and Type II out-
bursts (larger and irregular). In the supergiant systems the emission is rather per-
manent, although it may be strongly variable.
(7) X-Ray emission has a hard spectrum, with typical kT >∼ 15 keV (this property is
shared with the other massive systems). Because of this property (and the transient
nature of their X-ray emission), the Be/X-ray binaries are also called hard X-ray
transients, as opposed to the so-called soft X-ray transients (or X-ray Novae), which
have typical kT <∼ 1 keV and form a distinct group within the class of the low mass
X-ray binaries.
(8) In all but three systems that are confirmed or probable members of the class of
Be/X-ray binaries, the neutron star is seen as an X-ray pulsar. The range of observed
rotational periods covers more than four decades - from 0.03 sec to 1404 sec. In the
supergiant systems the neutron star is also usually seen as an X-ray pulsar and the
observed range of pulse periods is similarly wide (0.7 sec to 10000 sec).
The list of the known Be/X-ray binaries and some of their parameters is given in
Table 1. The list includes all X-ray systems containing a Be star and having at least one
period (orbital or spin of the neutron star) determined.
Tab. 1 − Be/X-Ray Binaries
Name Pspin Porb e Sp. type Ref
[s] [d]
SAX J0635+0533 0.034 B0.5 IIIe 1
A 0538−7 0.069 16.7 > 0.5 B2 V-IIIe 1,2
SMC X−2 2.37 B1.5 Ve 1,3,4
RX J0059.2−7138 2.763 B1 IIIe 1
AX J0105−722 3.343 Be ? 1
4U 0115+63 3.61 24.31 0.34 B0.2 Ve 1,5
RX J0502.9−6626 4.06 B0 IIIe 1,6
V 0332+53 4.37 34.25 0.31 O8.5 Ve 1,5
GRO J1750−27 4.45 29.82 Be ? 1,5
XTE J0052−723 4.782 Be ? 4,7
RX J0051.8−7231 8.9 Be 1
AX J0049−732 9.132 Be ? 1
2S 1553−54 9.26 30.6 < 0.09 Be ? 1,5
GS 0834−430 12.3 105.8 0.12 B0-2 V-IIIe 1,5
EXO 0531.1−6609 13.7 25.4 Be ? 1
RX J0052.1−7319 15.3 Be 1
XTE J1946+274 15.8 172 Be ? 1,2
2S 1417−62 17.6 42.12 0.446 B1 Ve 1,5,6
GRO J1948+32 18.76 41.7 < 0.25 B0e 1,8,9
RX J0117.6−7330 22.07 B0.5 IIIe 1
XTE J1543−568 27.1 76.6 < 0.03 B0.7 Ve 2,10
XTE J0111.2−7317 30.95 B0-2 V-IIIe 1,11
RX J0812.4−3114 31.89 81 B0.2 IVe 1,12,13
EXO 2030+37 41.7 46.03 0.41 B0e 1,2
XTE J0053−724 46.63 139 B1 Ve 1
SAX J0054.9−7226 58.97 65 B0-1 V-IIIe 1
Cep X−4 66.3 B1e 1,2
RX J0529.8−6556 69.5 B2 V-IIIe 1
RX J0049.1−7250 74.68 Be 1
AX J0051−722 90.65 120 Be 1,14
GRO J1008−57 93.5 247.5 0.66 O9e-B1e 1,15
2S 1845−024 94.8 242.18 0.88 Be ? 1,16
RX J0544.1−7100 96.08 Be 1
AX J0057.4−7325 101.42 Be ? 4,17
A 0535+26 103.5 110.3 0.47 O9.7 IIIe 1,2,18
4U 0728−25 103.2 34.5 O8.5 Ve 1,2
AX J1820.5−1434 152.26 Be ? 1,19
RX J0052.9−7158 169.3 Be 1,19
SAX J1324.4−6200 170.84 Be 1
AX J0051.6−7311 172.4 Be 1,20
Tab. 1 − Be/X-Ray Binaries (cont.)
Name Pspin Porb e Sp. type Ref
[s] [d]
GRO J2058+42 198 110 Be 1
RX J0440.9+4431 202.5 B0 V-IIIe 1
AX J1749.2−2725 220.38 Be 1,19
XTE J1858+034 221.0 Be ? 1
GX 304−1 272 132.5 > 0.5 B0.7 Ve 1,2
AX J0058−720 280.4 Be ? 1,19
4U 1145−61 292.4 187.5 > 0.5 B0.2 IIIe 1,2
AX J0051−733 323.2 1.416 ?? Be 1
SAX J0103.2−7209 345.2 O9-B1 V-IIIe 1
4U 2206+54 392 9.57 ? B1e 1,21
A 1118−61 406.4 O9.5 V-IIIe 1,5
SAX J1452.8−5949 437.4 Be ? 1
RX J0101.3−7211 455 Be 22
AX J170006−4157 714.5 Be 1,19
AX J0049.4−7323 755.5 Be 23
4U 0352+30 837.7 250.3 0.11 B0 Ve 1,24
RX J1037.5−5647 862 B0 Ve 1
SAX J2239.3+6116 1247.2 262.6 B0 V−B2 IIIe 1,25
RX J0146.9+6121 1404.2 B1 Ve 1
1E 0236.6+6100 26.49 B0e 1,26
γ Cas 203.59 0.26 B0.5 Ve 1,27
RX J0535.0−6700 241 ? Be 1
NOTES:
e − eccentricity
Sp. type − spectral type of the optical component
Ref − references
REFERENCES:
(1) Liu et al. 2000; (2) Okazaki and Negueruela 2001; (3) Corbet aand Marshall 2000; (4)
Mereghetti 2001; (5) Bildsten et al. 1997; (6) Negueruela 1998; (7) Corbet et al. 2001; (8)
Levine and Corbet 2000; (9) Negueruela et al. 2000a; (10) Marshall et al. 2000; (11) Yokogawa
et al. 2000a; (12) Corbet and Peele 2000; (13) Reig et al. 2000; (14) Israel et al. 1998 (15)
Negueruela and Okazaki, 2000; (16) Finger et al. 1999; (17) Torii et al. 2000; (18) Negueruela
et al. 2000b; (19) Haberl and Sasaki 2000; (20) Yokogawa et al. 2000b; (21) Corbet et al. 2000;
(22) Sasaki et al. 2001; (23) Ueno et al. 2000; (24) Delgado-Marti et al. 2001; (25) In’t Zand
et al. 2001; (26) Zamanov et al. 2001; (27) Harmanec et al. 2000.
3. Temporal Behaviour of the X-Ray Emission
Be/X-ray binaries exhibit three types of behaviour:
(1) Type I outbursts
They last days to weeks and are connected with the periastron passages of neutron
stars orbiting Be stars on alongated orbits. They repeat after the time intervals equal
to the orbital periods or their multiples. The recurrency is not very strict. On some
occasions, single outbursts are missing (or are unusually weak). On some others, the
outbursts disappear for extended periods (∼ years or decades). Almost all Be/X-ray
binaries show Type I outbursts on some occasions, but the patterns are very different.
Some systems (like A 0535+26) produce Type I outbursts during almost every periastron
passage for a long interval of time (years or decades) and then the period of the missing
outbursts follows. In some others (like 4U 0115+63 or V 0332+53) the outbursts are
very rare: less than 1 % of all periastron passages results in Type I outbursts. In the
second group, the typical pattern is composed of short series of the few Type I outbursts,
separated by long periods (years or decades) of inactivity, during which only Type II
outbursts occur.
(2) Type II outbursts
They last several weeks and are not correlated with any particular orbital phase.
These bursts are typically much stronger (by an order of magnitude or more) than
Type I bursts. They occur irregularly, but the typical recurrence time is of the order
of several years (although the intervals as long as two decades were also noted). Type
II bursts are usually preceded by an increased activity of the Be companion (enhanced
emission lines). This last fact, together with the lack of the correlation with the orbital
phase, indicates that Type II bursts are connected with the activity of a Be star (while
Type I bursts are clearly connected with the periastron passages).
(3) Persistent emission
Five Be/X-ray binaries are seen as permanent X-ray sources (with the emission level
variable only by a factor of few). All of them are probably wide orbit (Porb >∼ 200 days)
systems, containing very slow pulsars (Pspin in the range 202 to 1404 sec). Some of these
pulsars might rotate slower than at equilibrium periods (Zio´ lkowski, 2001).
4. Why the Emission is Transient?
In order to understand the temporal behaviour of the X-ray emission from Be/X-ray
binaries, we have to invoke the, so called, accretion gate mechanism which plays a
fundamental role in switching on and off the X-ray emission. Then, we have to consider
the mechanisms that operate the accretion gate by controlling the supply of the external
matter to the magnetosphere of the neutron star.
4.1. The accretion gate mechanism
The accretion gate mechanism operates due to changes in the mass flux of the mat-
ter falling on the magnetosphere of the neutron star. The size of the magnetosphere is
determined by the instantaneous balance between the magnetic pressure and the dy-
namic pressure of the infalling matter. Therefore the magnetosphere changes its size.
When the flux of the infalling matter decreases, the magnetosphere expands. When the
flux increases - the magnetosphere gets squeezed. For example, the magnetosphere of
a neutron star traveling along an elongated orbit around a Be star is much smaller
at periastron than at apoastron. We have good reasons to believe that neutron stars
in Be/X-ray binaries, similarly as many of the other X-ray pulsars, are rotating at so
called equilibrium periods (Zio´ lkowski 1980, 1985; Joss and Rappaport 1984, Stella et al.
1986, Giovannelli and Zio´ lkowski 1990, and references therein). The equilibrium period
is defined as a period at which the outer edge of magnetosphere rotates with the Keple-
rian velocity. At this period the accelerating accretion torque and the braking propeller
torque should balance each other and the period, in the first approximation, should
be constant. For a given magnetosphere (i.e. for a given magnetic field strength) the
equilibrium period depends mainly on the mass flux of the infalling matter (because it
determines the size of the magnetosphere which is assumed to corotate with the neutron
star). This dependence is given as Peq ∝ M˙
−3/7 (Davidson and Ostriker 1973, van den
Heuvel 1977, Lamb 1977). Returning to our neutron star on an elongated orbit, we see
that its instantaneous equilibrium period varies along the orbit as it tracks the variable
mass flux. At periastron Peq is much smaller than at apastron. As a result, we find that
in a typical situation Pspin > Peq (”slow” pulsar) at periastron but Pspin < Peq (”fast”
pulsar) at apoastron. It means that at periastron the accretion gate is open and the ro-
tation of the pulsar (neutron star) is accelerated, while at apoastron the accretion gate
is closed and the pulsar is braked. The real rotation period Pspin will adjust itself so
that the action of the accretion torque along the inner part of the orbit and the braking
torque along the outer part, integrated over the full orbital cycle, will cancel each other.
Therefore the statement that X-ray pulsars in Be/X-ray binaries rotate at equilibrium
periods should be read as ”equilibrium periods averaged over orbital cycle (or, in fact,
over many orbital cycles, because of the intrinsic variability of a Be star)”. One should
remember, however, that along the orbit (except for the two points) the real rotation
period Pspin substantially differs from the instantaneous value of Peq and, therefore, the
pulsar is always, either ”fast” or ”slow”.
The picture presented above applies directly only to those Be/X-ray binaries which
exhibit (more or less regularly) Type I outbursts. However, the accretion gate mechanism
plays a crucial role in all Be/X-ray binaries.
4.2. Two states of an X-ray pulsar
The previous paragraph leads us to the picture of two possible states of an X-ray pulsar
in a binary system:
(1) Accretor
This state typically occurs when Pspin > Peq. Since the velocity of the outer edge of
magnetoshere is smaller then the Keplerian velocity, there is no centrifugal barrier. The
matter can approach the neutron star and get accreted (accretion gate open). Due to
accretion taking place, the neutron star is a strong X-ray emitter and also experiences
a substantial spin-up of its rotation (the accreted matter carries a substantial angular
momentum from the inner edge of the accretion disc). The characteristic properties of
the accretor state are therefore: (1) ”slowness” of the pulsar (Pspin > Peq), (2) strong
X-ray emission, (3) rapid spin-up.
(2) Propeller
This is a typical state when Pspin < Peq .. In this case the velocity of the outer edge of
magnetosphere is larger than the Keplerian velocity and there exist a centrifugal barrier
against accretion. The matter that would like to get accreted is rather expelled by the
magnetosphere acting as a propeller (llarionov and Sunyaev 1975, Davies et al. 1979).
The accretion gate is closed. Only marginal amount of matter can get accreted and so
the X-ray luminosity is low or undetectable. However the neutron star loses rotational
energy because magnetospheric propeller has to work on the infalling matter to get it
expelled and so it experiences a slow-down of its rotation. The characteristic properties
of the propeller state are therefore: (1) ”fastness” of the pulsar (Pspin < Peq.), (2) low
or undetectable X-ray emission, (3) significant spin-down.
4.3. The Variability of the Supply of the External Matter to the Neutron Star
From the last two paragraphs, it is clear that to operate (to open or to close) the
accretion gate, one has to adjust accordingly (to increase or to decrease) the flux of
the matter falling on the magnetosphere of the neutron star. In the Be/X-ray binaries,
the matter in question comes from the decretion disc around the Be component (known
earlier as ”an envelope of a Be star”). There exist two mechanisms that might control
the supply of that matter:
(1) The eccentricity of the orbit of the neutron star
The neutron star moving on an elongated orbit around the Be star is far from the
decretion disc near the apoastron and quite close to it (or may even enter it) near the
periastron. This may result in the larger mass flux of the infalling matter (and the open
accretion gate) near the periastron and the smaller mass flux (and the closed gate)
near apoastron. This mechanism is, most likely, responsible for Type I outbursts, which
repeat, more or less regularly, at periastron passages.
(2) The dynamical evolution of the decretion disc
Both the observational evidence and the theoretical considerations (see section 6)
indicate that the decretion disc is not a stable structure and evolves dynamically on
a time scale of, typically, several years. This evolution leads to cyclical dispersals and
refillings of the disc. Such variability produces on some occasions large infalls of matter
on the neutron star (Type II bursts). On some other occasions (e.g. empty disc) this
results in so low supply of the matter to the vicinity of the neutron star that even in
a system producing, rather regularly, Type I bursts, the accretion gate remains closed
during periastron passages (the case of the missing Type I bursts).
5. Accretion Discs around Neutron Stars
Accretion discs around neutron stars in the Be/X-ray binaries have all properties of
the accretion discs in other X-ray systems, except for their, possibly, transient nature.
Accretion discs are, certainly, present during Type II outbursts. This might be directly
inferred from the observed spin-ups of neutron stars during these bursts. The time
scales of the spin-ups and their correlation with the X-ray luminosities indicate that
the accreted angular momentum corresponds to the orbital angular momentum at the
inner edge of the disc. The best studied case is the major February 1994 outburst of
A 0535+26 (Finger et al., 1996; Bildstein et al., 1997), during which a spin-up on time
scale ∼ 25 years was seen at the peak of the outbursts. The same outburst provided an
independent evidence of the presence of an accretion disc, based on the interpretation
of the QPO detected during that event. Both the frequency of the QPO (interpreted
as the Keplerian frequency at the inner edge of the disc) and its correlation with the
spin-up rate and with the X-ray luminosity (Finger et al., 1996; Bildstein et al., 1997)
fully support the model based on an accretion disc. The accretion discs must be present
also during most of Type I bursts. The system A 0535+26 demonstrated spin-ups on
time scales ∼ 100 years during many Type I bursts (Zio´ lkowski, 1985; Giovannelli and
Sabau Graziati, 1992). Similar spin-ups were observed during all (2S 1845-024; Finger
et al., 1999) or, at least, some Type I bursts of many other Be/X-ray systems (e.g. 4U
0115+63, GS 0834-430, 2S 1417-62, EXO 2030+375, 4U 1145-61 − see Bildstein et al.,
1997). Neutron stars in many Be/X-ray systems are known to experience spin-downs
between the outbursts. This is in agreement with the predictions of the simple model,
since they are expected to enter a propeller phase between the outbursts (see sections
4.1 and 4.2 above). For the system A 0535+26 the time scales of these spin-downs are
of the order of 1000 years (Zio´ lkowski, 1985; Giovannelli and Sabau Graziati, 1992).
In principle, the accretion disc may survive during the propeller phase. However, it
seems that the accretion discs in the Be/X-ray binaries are not persistent. Clark et
al. (1999) searched for the optical/infrared contribution from the accretion disc in A
0535+26 during the X-ray quiescent phase (propeller state). They found no significant
contribution which implied that the accretion disc was either absent, or, if present, then
only as a weak remnant.
Let us summarize our considerations. The accretion discs are, probably, absent during
the X-ray quiescent phases. They built up on time scales of days to weeks during the
periods of the enhanced infall of the matter on the magnetosphere of a neutron star
(before both Type I and Type II bursts). They disperse on time scales of weeks to
months, when the enhanced supply of the matter ceases.
The apparent exceptions to this picture are the five persistent systems (see section
3.3) that apparently maintain permanent accretion discs.
6. Decretion Discs around Be Stars
The term ”excretion disc” was introduced by B. Paczyn´ski during 1979 IAU General
Assembly (Paczyn´ski, 1980). Simple, particle trajectories models of such discs were
discussed by Paczyn´ski and Rudak (1980). Ste¸pin´ski (1980) considered the discs around
Be stars and proposed that variability of these stars is related to the changes in the sizes
of the discs. The concept of the presence of two discs (one excreting and one accreting) in
a Be/X-ray binary was first mentioned by Giovannelli and Zio´ lkowski (1990). Lee et al.
(1991) discussed the possible existence of the outflowing viscous discs around Be stars.
The next step was made when different authors (Okazaki, 1991; Papaloizu et al., 1992;
Telting et al., 1994; Hanuschik et al., 1995) indicated that the one-armed instability
developing in the outflowing discs may explain the, so called, V/R variability, observed
in Be stars. In recent years, the outflowing viscous discs were used to describe, in details,
the circumstellar matter around Be stars known earlier as ”an envelope of a Be star”
(Okazaki, 1997; Porter, 1999; Negueruela and Okazaki, 2000b; Okazaki, 2000; Negueruela
at al., 2001; Okazaki and Negueruela, 2001). In meantime, the term ”excretion” was
replaced by an apparently more correct (politically) term ”decretion”. The modelling
with the help of the viscous decretion discs appeared to be by far more succesful in
describing the circumstellar matter, than earlier descriptions in terms of ”equatorial
winds”, ”expanding envelopes” or ”ejected shells”. In particular, the viscous disc models
were able to explain the very low outflow velocities (the observed upper limits are, at
most, few km/sec) and, also, to explain the V/R variability. The viscous decretion discs
are very similar to the, well known, viscous accretion discs, except for the changed
sign of the rate of the mass flow. Some aspects of these modellings (supply of the
matter with the sufficient angular momentum to the inner edge of the disc, interaction
of the stellar radiation with the matter of the disc) are not fully solved yet, but the
general picture is quite convincing. The viscosity in the decretion discs is usually assumed
(similarly as for accretion discs) in the form of α-viscosity. The discs are almost Keplerian
(rotationally supported) which explains the very low values of the radial component
of velocity. Nearly Keplerian discs (both inflowing and outflowing) were, since a long
time, known to undergo a global one-armed oscillation instability (Kato, 1983). This
instability (progressing density waves) provide a very successful explanation of V/R
variability, observed both in isolated Be stars and in members of Be/X-ray systems.
This phenomenon manifests itself in the form of quasi-cyclical changes of the ratio of
the strengths of the V(iolet) peak to the R(ed) peak in the double profile emission
lines. This variability (best seen for the Hα line) includes phases, when only one peak is
visible. The time scales of the quasi-cycles range from months to years or decades. The
theoretical line profiles calculated for the discs with the asymmetric matter distribution
(due to progressing density waves) were found to be in a good agreement with the
observed profiles (Hummel and Vrancken, 1995; Okazaki, 1996; Hummel and Hanuschik,
1997). Also the theoretical time scales calculated for the one-armed oscillation instability
agreed with the observed time scales of V/R variability (Negueruela et al., 2001).
7. The Interaction Between the Decretion Disc and the Orbiting Neutron
Star
Until recently, it was thought that this interaction works only in one direction. It is
obvious that the disc can strongly influence the behaviour of the neutron star. If it sends
large enough flux of the matter towards the neutron star, then the accretion gate will
open and the neutron star will undergo an X-ray outbursts. It seemed that the neutron
star could not significantly influence the ”envelope of the Be star” (as it was termed
then). This point of view changed recently. Artymowicz and Lubow (1994) investigated
the truncation mechanisms for the accretion discs and found that the discs must be much
smaller in the systems with large eccentricities because of the tidal/resonant truncation.
The same mechanism works also for the decretion discs. The orbiting neutron star
exerts a negative tidal torque on the matter of the decretion disc (removes the angular
momentum). This torque diminishes the action of the viscous torque, supporting the
disc, and causes that outside of the certain radius the disc cannot be supported any
more (tidal truncation). This effect was investigated, for several Be/X-ray binaries, by
Negueruela and Okazaki (2000a,b), and Okazaki and Negueruela (2001). They found,
that the disc is usually truncated at 4:1 or 3:1 resonances (i.e. at radii for which the
Keplerian period in the disc is 4 or 3 times shorter than the orbital period). This
mechanism is known as tidal/resonant truncation. Due to its action, in the systems
with small eccentricities, the disc is always smaller than the Roche lobe around the Be
star and the flow of the matter towards the neutron star is effectively blocked. However,
in the systems with large eccentricities, the disc may extend beyond the Roche lobe,
during the periastron passages. The accretion on the neutron star will be then possible
during these passages. Therefore, the systems in the first group (like 4U 0115+63 or V
0332+53), typically, should not produce Type I bursts, while the systems in the second
group (like A 0538−66, A 0535+26 or GRO J1008−57) should produce Type I bursts
during most of their periastron passages. The observations strongly support this picture.
The tidal/resonant truncation has some further consequences. Due to truncation,
the matter accumulates in the outer rings of the disc. When the outer part of the disc
becomes sufficiently optically thick, it may warp under the influence of the radiation of
the Be star (Porter, 1998). The observations (the variability of the shape of the emission
lines) tell us that the sufficiently warped disc start precessing on a time scale of weeks
to months. The combined effects of the global one-armed oscillations and of the warping
lead to asymmetric (elongated) configuration of the disc. Such configuration may permit
an overcoming of the truncation. The, relatively, high density matter accumulated in the
outer part of the disc will overflow the critical Roche lobe and fall on the neutron star
leading to the Type II outburst. If the distorted disc happens to be elongated towards the
periastron, it may supply the matter to the neutron star during the several periastron
passages, leading to the temporary Type I outbursts in the systems, which normally do
not show the bursts of this type. The Type II bursts are probably always associated
with the major disturbances of the decretion disc, which frequently lead to the total
disruption of the disc and the disc-less phase of the Be star. Part of the matter of the
disc is accreted by the neutron star (during the Type II burst), most of it is, probably,
reaccreted by the Be star. The decretion disc is then rebuilt on a time scale of, typically,
a few years. The observations support the phenomenological picture presented above.
In addition to the observational properties described earlier we may mention here the
changes of the strength of the Hα line observed over more than 10 years period, before
and after the major Type II burst in A 1118−61 (Coe et al., 1994). We may also add
the correlation found recently for 1E 0236.6+6100/LS I+61o235 system. The size of the
decretion disc in this system (as measured by the strength of the Hα line) was known to
vary cyclically with the periodicity of ∼ 4.3 years. The system was also known to exhibit
radio outbursts (in addition to X-ray maxima) during the periastron passages. Zamanov
and Marti (2000) found a good correlation between the strength of the radio outbursts
and the strength of the Hα line as they change over the ∼ 1584 days modulation period.
8. The Comparison of Be Stars in Be/X-ray Binaries with Isolated Be Stars
The isolated Be stars and Be stars in Be/X-ray binaries are, in many respects, quite
similar. Both types have decretion discs that evolve dynamically on time scale of years
to decades. In both cases, the dynamical evolution includes one-armed oscillations, V/R
variability and disc-less phases. However, there are also substantial differences concern-
ing both Be stars themselves and their decretion discs.
8.1. Be stars
The distribution of Be stars among different spectral subtypes was compared for both
groups of Be stars by Negueruela (1998). The difference is striking. For isolated Be
stars, the distribution starts at B0, rises sharply peaking at B2, declines towards B4
and then remains at approximately constant level, extending until at least A0. For Be
stars in Be/X-ray binaries, the distribution starts at O8, peaks at B0 and ends at B2.
The lack of the later spectral type (less massive) Be stars in binary systems may be
explained with the help of the results of the evolutionary calculations by Van Bever and
Vanbeveren (1997). They showed, that in scenarios involving the non-conservative mass
transfer, binaries composed of a Be star and a neutron star are produced only with early
type Be components. The less massive systems that would lead to binaries containing
late type Be components are disrupted during the supernova explosion (the wide orbit
systems are, generally, easy to disrupt).
8.2. Decretion discs
The decretion discs around isolated Be stars are, in many respects, similar to those in
Be/X-ray binaries, as was noted earlier. The main difference is the lack of the orbiting
neutron star and, therefore, the lack of the tidal/resonant truncation mechanism. As
a result, the decretion discs in binaries are smaller and denser than those around the
isolated Be stars (Reig et al., 1997; Negueruela and Okazaki, 2000b, Zamanov et al.,
2000). As might be expected, the discs in close binaries are smaller and the discs in
wide orbit binaries - larger. This is clearly seen from the strong positive correlation
between the maximal observed strength of the Hα line and the orbital period of the
binary, noted by Reig et al. (1997). In the few widest systems, the disc is probably only
weakly perturbed by the neutron star. As a result, there are no X-ray outbursts. The
low level accretion and the low level X-ray emission are maintained continuously (and
the only variability is an occasional enhancement).
9. The Pulse Period - Orbital Period Correlation for Be/X-ray Binaries (the
Corbet Diagram)
Corbet (1984) was the first to notice that there exists a strong correlation between the
spin period of a neutron star in a Be/X-ray binary and the orbital period of the system.
The updated version of his diagram (containing 25 systems) is shown in Fig. 1. The
spread is larger than on the diagram that I have shown here nine years ago (there were
only 9 points on the diagram then), but the reality of the correlation leaves no doubt.
This correlation is fully to be expected, if we remember that the neutron star tries to
adjust its spin period to the equilibrium value. This value increases as the flux of the
matter supplied to the vicinity of the neutron star decreases (Peq ∝ M˙
−3/7). In wide
systems, with long orbital periods, the accretion is fed from the outer, low density, parts
of the large (very extended) decretion disc and so the expected mass fluxes are rather
low. This leads to the long spin periods.
Fig. 1. The correlation between the spin period (in seconds) and the orbital period (in days) for
Be/X-ray binaries (Corbet diagram). The diagram contains 25 systems for which both periods
are presently known (the systems AX J0051-733 and 4U 2206+54 with the doubtful values of
the orbital period are omitted).
10. The Summary
Let us summarize the main points of our considerations.
• Be/X-ray binaries (called also hard X-ray transients) form the most numerous class
of massive X-ray binaries in the Galaxy (63 systems presently known as opposed to 20
supergiant systems).
• They are composed of Be stars and neutron stars (X-ray pulsars) on wide (Porb ∼
17− 263 d), usually eccentric (e ∼ 0.1− 0.9) orbits.
• X-Ray emission (with a few exceptions) has distinctly transient nature with rather
short active phases (a flaring behaviour). There are two types of flares, which are classi-
fied as Type I outbursts (smaller and, more or less regularly, repeating during periastron
passages over some periods of time) and Type II outbursts (larger and irregular).
• The optical components are not significantly evolved and they are substantially
smaller than their Roche lobes.
• The X-ray pulsars in Be/X-ray binaries rotate at equilibrium periods (with the
possible exception of the slowest pulsars). The range of the observed spin periods is very
wide - from 0.03 sec to 1404 sec.
• The systems contain two quasi-Keplerian (| vr | /vorb <∼ 10
−2) discs: a decretion
disc around Be star and an accretion disc around the neutron star.
• Both discs are temporary: decretion disc disperses and refills on time scales ∼ years
(dynamical evolution of the disc, formerly known as the ”activity of a Be star”), while
accretion disc disperses and refills on time scales ∼ weeks to months (which is related
to the orbital motion on an eccentric orbit and, on some occasions, also to the major
instabilities of the other disc).
• Accretion disc might be absent over a longer period of time (∼ years), if the other
disc is very weak or absent (this phenomenon manifests itself as the missing Type I
bursts in the systems which normally display these bursts).
• The X-ray emission of Be/X-ray binaries is controlled by the centrifugal gate
mechanism, which, in turn, is operated both by the periastron passages (Type I bursts)
and by the dynamical evolution of the decretion disc (both types of bursts).
• Decretion discs are unstable to one-armed oscillation instability (which is probably
responsible for the V/R variability seen in the Be stars).
• Decretion discs in Be/X-ray binaries are truncated by the orbiting neutron stars
(the tidal/resonant truncation).
• Due to truncation, in the systems with small eccentricities, the flow of the matter
towards the neutron star is effectively blocked during the whole orbital cycle (no Type
I bursts). However, in the systems with large eccentricities, the flow is possible during
the periastron passages (regular Type I bursts).
• Due to truncation, the matter accumulates in the outer rings of the decretion disc.
This leads to the warping of the disc and then to its major instability (frequently to the
total disruption). This mechanism is probably responsible for the Type II bursts (and
for occasional Type I bursts in the systems which normally do not show them).
• Be/X-ray binaries are excellent laboratories for investigation of both the evolu-
tionary processes in the two discs and of the evolution of the neutron star rotation.
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